limited expression of developmental and unconventional MHC and that diversity of tongue body muscle fiber contractile properties is achieved primarily by MHC-beta, MHC-2a, MHC-2x and MHC-2b. Whether expression of MHC-alpha mRNA in tongue is unique to humans or present in other hominoids awaits further investigation.
2a) and by simultaneous expression of multiple MHC isoforms in single muscle fibers, thereby creating fibers with intermediate properties [Reiser et al., 1985] . Adult mammalian appendicular muscle achieves contractile diversity by expression of conventional MHC-beta (slow), and limited hybridization [Caiozzo et al., 2003; Kohn et al., 2007] .
MHC isoform expression is also highly plastic and changes in response to hormonal, neural, mechanical and energetic stimuli [Pette and Staron, 2000] . Chronic electrical stimulation increases the expression of 'slower' isoforms at the expense of 'faster' isoforms [Termin et al., 1989; Jaschinski et al., 1998 ]. Mechanical stretch promotes the expression of MHC-beta and represses MHC2b [Goldspink et al., 1991] , and both circulating and locally produced growth factors influence the MHC profile [Russell et al., 1988; Yang et al., 1996] . The majority of myosin genes are located in clusters on 2 chromosomes: a slow cluster of atrial/cardiac-␣ MHC (MHC-alpha) and MHC-beta on human chromosome 14q2 and a fast cluster of embryonic MHC (MHC-emb), neonatal MHC (MHC-neo), MHC-2a, MHC-2x, MHC-2b and extraocular MHC (MHC-eo) on human chromosome 17p13 [Leinwand et al., 1983] . Selection of isoforms within these clusters appears to result from a mixture of promoter-specific mechanisms and intergenic transcription [Allen et al., 2001; Rinaldi et al., 2008] . Expression in most adult appendicular muscles is limited to MHC-beta, MHC-2a, MHC-2x and MHC-2b, with limited expression of MHCneo and MHC-emb. Within the spectrum of conventional myosins, expression of slower isoforms increases with body size [Hamalainen and Pette, 1995] .
Exceptions to these rules are found in some head and neck muscles which routinely express developmental MHCs, including MHC-emb and MHC-neo, and unconventional MHCs, including MHC-alpha, MHC-eo, masseter MHC (MHC-ma) and slow tonic MHC (MHC-st) [Bormioli et al., 1979; Wieczorek et al., 1985; Hoh, 2002; Kjellgren et al., 2003] . These muscles may contain individual fibers containing 3 or more MHC isoforms [Kranjc et al., 2000; Yu et al., 2002] . The comparatively complex MHC expression patterns in head and neck muscles are thought to reflect more complex neural signals or requirements for greater contractile diversity in muscles active during kinematically diverse movements [Hoh, 2005; Toniolo et al., 2008] . For example, extraocular muscles, which must accomplish both rapid reorientation of the eye and maintenance of an extremely steady position, display specialized fiber morphology and expression of MHC-alpha, MHC-emb, MHC-eo, MHC-neo and MHC-st [Porter, 2002; Kjellgren et al., 2003; Lim et al., 2006] . Many of the head and neck muscles derive from branchial arches of somitomeres, in contrast to limb and trunk muscles, which derive from somites. Branchial arch muscles, including the laryngeal muscles and muscles of mastication, appear to be dependent on Tbx1 for myogenic commitment, rather than pax3/7, seen in somite-derived muscles of the limb and tongue [Buckingham et al., 2003; Kelly et al., 2004; Noden and Francis-West, 2006] , and this difference in lineage may contribute to MHC expression.
Of particular interest is the expression of MHC-ma and MHC-st, which lie outside of the conventional myosin clusters. MHC-ma, or MYH16, is found on chromosome 7, while MHC-st, tentatively identified as MYH15, is found on chromosome 20 [Desjardins et al., 2002; Stedman et al., 2004] . MHC-ma is expressed in jaw-closing muscles of some carnivores, primates and bats [Hoh, 2002] , but its presence has not been widely tested in other head and neck muscles. The human MHC-ma gene produces a truncated and nonfunctional protein but is still transcribed in masseter [Stedman et al., 2004] . MHCst is demonstrated by immunohisotochemistry (IHC) in extraocular muscles, but its presence in other head and neck muscles is in dispute Brandon et al., 2003; Sokoloff et al., 2007a; Sokoloff et al., 2009] . To our knowledge, MHC-st has not been studied by PCR, which enables identification of low levels of mRNA expression. The unique expression of these developmental and unconventional isoforms in head and neck muscles raises the question of whether it reflects the unique mechanical demands of specific muscles, the unique developmental origin of some muscles or a general phenomenon of the head and neck environment.
Mammalian tongue muscles are active during oromotor behaviors that encompass a wide range of tongue behaviors, including tonic, phasic and ballistic tongue activation [van Willigen and Weijs-Boot, 1984; Saboisky et al., 2006] , and might be expected to exhibit complex patterns of MHC expression. Immunohistochemical studies of extrinsic tongue muscles (i.e. muscles with their origin outside of the tongue body) and intrinsic tongue muscles (i.e. muscles with their origin and insertion within the tongue body) have identified MHC-beta, MHC-2a and MHC-2x in the adult macaque and human, and MHC-2b in macaque [Stal et al., 2003; Smith et al., 2006; Sokoloff et al., 2007b; Sokoloff et al., 2009] , but have found no or limited developmental and unconventional MHC [Sokoloff et al., 2007a; Sokoloff et al., 2009] . However, these studies are limited by discordance in reports of antibody specificities [Liu et al., 2002; Mu et al., 2004; Sokoloff et al., 2007b] , the limited availability of antibodies specific for MHC-alpha and, with the exception of one test for MHC-st [Sokoloff et al., 2007a] , no study of unconventional MHC in intrinsic tongue muscles. Electrophoresis studies of MHC in tongue muscles of the adult mouse and rat have identified MHC-2a, MHC-2b and MHC-2x and no or limited MHC-beta, MHC-emb and MHC-neo [Brozanski et al., 1993; Hartmann et al., 2001; Agbulut et al., 2003 ], but may not allow confident determination of MHC with similar migration mobilities, such as MHCneo and MHC-emb [Brozanski et al., 1993; Lloyd et al., 1996] . The dynamic range of silver-stained gels is approximately 1 log, while the dynamic range of Coomassiestained gels is approximately 2 logs, so the expression of unconventional MHC isoforms in a few fibers could be easily overlooked. The dynamic range of real-time, quantitative PCR (qPCR) is approximately 7 logs, making detection of very low-level expression possible.
To our knowledge, the MHC composition of adult mammal tongue body muscles has not been characterized by sensitive real-time PCR of MHC mRNA. To address this gap in our understanding of tongue muscle biology, we determined the presence and quantity of mRNA of conventional MHC, developmental MHC and unconventional MHC-alpha, MHC-eo, MHC-ma and MHC-st in tongue body muscles in the rat, macaque and human.
Methods

Specimens and Tissue Preparation
Tongue body tissue for mRNA study was harvested from the left or right side of the tongue from 6 rats, 11 macaques (Macaca rhesus) and 6 humans (see table 1 for ages and sex). To maximize the similarity of tongue body muscles studied across these species, we sought to primarily sample the intrinsic tongue muscles inferior longitudinalis, superior longitudinalis, transversus and verticalis of the anterior tongue body and to minimize involvement of the extrinsic tongue muscles genioglossus, hyoglossus and styloglossus. To this aim, we harvested tissue approximately 5-10 mm from the tongue tip in the rats, approximately 10-15 mm from the tongue tip in the monkeys and 0.8-2.0 mm from the tongue tip in the humans, excluding midline tissue in the macaques and humans. Although intrinsic muscles predominate in these tongue regions, it is likely that we sampled some fibers of extrinsic tongue muscles, particularly human genioglossus and styloglossus, which may have anterior tongue body insertions [Gaige et al., 2007] . Control muscle tissue was sampled from adult human biceps brachii and extraocular medial rectus, fetal human tongue, adult macaque ventricle, adult mouse heart, adult mouse gastrocnemius and fetal mouse hindlimb muscle.
Rat tissue was harvested within 15 min postmortem, and macaque (California National Regional Primate Center, Yerkes National Primate Research Center) and human tissue (Emory University School of Medicine Body Donor Program, National Disease Research Interchange) within 12 h postmortem. Tissue was immediately frozen in isopentane cooled by liquid nitrogen and stored until use at -80 ° C. Animal tissue was collected from animals sacrificed during the course of studies approved by the Institutional Animal Care and Use Committee and not involving the orofacial musculature. Human tissue used in this study is exempt from Institutional Review Board approval.
Sample Preparation
A sample of 50-100 mg was homogenized using a Tissuemiser (Fisher Scientific) in 1 ml of Trizol reagent (Invitrogen) according to the manufacturer's protocol. Total RNA yield was determined by UV spectroscopy. Reverse transcription was performed with 1 g of total RNA using the MultiScribe RT kit (Invitrogen) according to the manufacturer's protocol using random primers.
qPCR Primer Design To achieve species independence, human and mouse mRNA sequences of each isoform were aligned using the Biology Workbench 3.2 web tool [Subramaniam, 1998 ]. Primers were designed to identical regions of the aligned sequences using the Primaclade web tool [Gadberry et al., 2005] , and specificity was confirmed by Nucleotide Blast search (National Center for Biotechnology Information). Species independence for 2 targets required degenerate bases, and all possible base combinations were tested to verify target specificity.
Candidate primer sets were further validated by conventional PCR and by melting curve analysis. For conventional PCR validation, cDNA was amplified from specifically identified positive control samples, i.e. human biceps and mouse gastrocnemius for MHC-beta, MHC-2a, MHC-2x, MHC-2b and MHC-st, macaque ventricle and mouse heart for MHC-alpha, human and mouse fetal muscle for MHC-emb and MHC-neo, human medial rectus muscle for MHC-eo and cat masseter for MHC-ma. The selection of limb muscle as control for MHC-st was based on the presence of muscle spindles. Products were separated through 2% agarose-Tris-borate-EDTA buffer gels, and only primer sets that produced unitary products of the expected molecular weight were accepted. Further validation by melting curve analysis required that primer sets produce a single melting temperature within 2 ° C of temperatures predicted using a nearest neighbor model [Sugimoto et al., 1996] .
PCR Standards
To quantitatively compare isoforms, expression was quantified using target-specific standard curves. Standards for absolute quantification were prepared by band purification of PCR products. Products were separated by electrophoresis through a 7% Tris-borate-EDTA-buffered acrylamide gel and visualized by ethidium bromide staining. Specific bands were excised from the gel and minced using a razor blade, and DNA was extracted overnight at 4 ° C in 100 m M Tris, pH 7.5, 150 m M NaCl and 5 m M EDTA (TNE). DNA was recovered by repeated ethanol precipitation, and the final product was diluted in water and quantified by Hoechst 33258 (0.1 g/ml in TNE) fluorescence.
Quantitative PCR Amplification reactions contained 250 n M forward and reverse primers in Platinum SYBR Green qPCR Supermix (Invitrogen). The thermal protocol for all targets was 50 ° C for 2 min and 95 ° C for 10 min, followed by 40 cycles of 95 ° C for 15 s and 62 ° C for 1 min and a terminal melting curve. All samples were run in triplicate along with standards. Reverse transcription products were diluted by a factor specific to the PCR target, determined by pilot experiments with the goal of producing threshold cycles around 20 ( table 2 ) . Each PCR assay was validated by standard curve analysis, requiring efficiency within the range of 100 8 20% ( table 3 ) . Individual reactions were validated by melting curve analysis, and samples that did not pass the melting curve validation were discarded. Samples falling below the gene-specific threshold quantity are reported as not detectable; however, numerical values associated with these samples were carried through calculations of total myosin content. These values are generally 1,000 times smaller than the total myosin content and do not substantially affect the results.
Determination of Sensitivity
The detection threshold was determined by amplification of serial dilutions of each standard. Such standard curves often deviate from the expected amplification curve at low concentrations Species-independent primer sets for MYH isoforms, amplicon size, dilution factor used in the assay and predicted melting temperatures for human (H) and mouse/rat (Mu) samples.
( fig. 1 ) , reflecting the appearance of primer dimer or other amplification anomalies. The detection threshold was defined as the number of molecules in the lowest standard observed before this deviation. The detection limit was defined by dividing the targetspecific quantity of cDNA input to the PCR reaction.
Statistics
Data are expressed as means 8 SD except where noted otherwise. Analysis by 2-way ANOVA (species ! isoform) was used to determine main effects with a significance threshold of p ! 0.05. Post hoc comparisons to determine gene-specific differences between species used the Bonferroni/Dunn correction for multiple comparisons, which gives a significance threshold of p ! 0.0167.
Results
Validation of Species-Independent MHC Primers for qPCR
Primers were designed for 10 MHC isoforms, and conventional PCR reveals a single band at the correct weight for each isoform ( fig. 2 ) . A single melting peak for 8 of 10 isoforms (data not shown), near the expected temperature, confirmed the validity of the selected primers ( table 2 ). Melting curves for MHC-beta and MHC-neo (MYH7 and MYH8, respectively) consistently produced a small, secondary melting peak ( fig. 3 ) that was unaffected by changes in primer concentration, template concentration or annealing temperature. The magnitude of this peak was a constant ratio of the primary melting peak, and the temperature was greater than expected for a primer dimer. Agarose gel analysis of PCR products consistently revealed only a single product weight, and we concluded that the secondary peak represents secondary structure within the product.
The efficiency of standard curves ranged from 82 to 97%. The principal limitation to detection was the formation of primer dimers, indicated by a plateau of the threshold cycle, generally at fewer than 6,000 copies, depending on the isoform ( table 3 ; fig. 1 ). Establishing the detection threshold provided a guideline to determine sample dilutions and detection limits ( table 3 ) .
Absolute Quantification of Myosin Isoform Expression in the Tongue
Total MHC content averaged 1,700 8 2,300 pg/ g RNA ( table 4 ). Intersample variability was quite high, with total content ranging from 17 to 10,000 pg/ g RNA. ␤ -Actin variability was also high, ranging from 1 to 23 pg/ g RNA, suggesting that some of this variability reflects variability of RNA quality or reverse transcription efficiency. Average ␤ -actin content was 9.5 8 6.4 pg/ g total RNA, which is about a third of that reported in other studies [Schmittgen and Zakrajsek, 2000; Ambion, 2009] .
Conventional MHC Content
MHC isoform expression was summed across isoforms, and the fractional expression of each isoform was calculated ( fig. 4 ) . Although intersample variability in absolute units was high, isoform profiles were relatively consistent within each species. Conventional, appendicular MHCs predominated in all species. Human and monkey profiles were similar, consisting primarily of MHC-2x (20 8 14% in human, 27 8 21% in monkey), 
Developmental and Unconventional MHC Content
Combined expression of MHC-neo and MHC-emb isoforms contributed less than 0.8% of MHC in all individuals of all 3 species. The detection limits were 0.009 pg/ g RNA for MHC-emb and 0.09 pg/ g RNA for MHC-neo. MHC-emb was detectable in all human and monkey samples but in only 4 of 6 rats. MHC-neo was detectable in 2 of 6 humans, 10 of 11 monkey samples and 3 of 6 rats. In those samples in which developmental isoforms were above the threshold, their sum was 0.36 8 0.21% of total MHC ( fig. 4 ) , with the highest value being 0.72% of total MHC. MHC-emb expression is significantly higher in humans compared to other species (p = 0.015), while MHC-neo expression is greatest in monkeys (p = 0.007).
Unconventional myosins were also expressed at much lower levels than conventional myosins and were differentially expressed in human and monkey tongues. MHCalpha was observed in all human tongue samples and constitutes 5 8 6% of total MHC. In monkey samples, MHC-alpha constitutes ! 0.1% of total myosin, averaging 1.1 8 1.0 pg/ g RNA, and was under the detection limit of 0.09 pg/ g RNA in 1 sample. MHC-alpha was not detected in any rat sample. MHC-eo was detectable in 8 of 11 monkey samples, but was extremely variable. In 6 samples, MHC-eo was 0.17 8 0.16% of total MHC, but 2 sam- Fig. 3 . Multiple peaks in melting curves. A small secondary peak appeared in melting curves for MHC-neo ( a ) and MHC-beta ( b ) isoforms after qPCR of human, monkey and rat samples (arrows). The ratio of this secondary peak to the primary peak is independent of primer or template concentration or annealing temperature. Separation on a 2% agarose gel yields 1 product at the appropriate weight (see fig. 2 ), suggesting that the smaller peak likely represents a secondary structure within the sequence. ⌬ F = Change in fluorescence per change in temperature. Values are shown as means 8 SD (pg/g). Isoforms for which all samples within a species fell below the detection limit are indicated as not detectable (ND).
ples contained 12 and 27%, bringing the population mean to 3.7 8 8.5%. The absolute content of MHC-eo in these samples was 8 pg/mg, similar to the other samples, but the absolute content of conventional myosins (MHCbeta, MHC-2a and MHC-2x) was less than 58 pg/ g, compared with 2,300 pg/ g for the whole population, which suggests that the higher percentages of MHC-eo were not representative. MHC-eo was not detectable in any human or rat sample. MHC-st was not detected in any rat and was less than 0.05% of total MHC in both humans and monkeys. MHC-ma was not detectable in any sample.
Discussion
The principal finding of this study is that conventional MHC isoforms predominate in rat, macaque and human muscles of the anterior tongue body. Also notable is the greater expression of MHC-alpha in humans (5% of total MHC) versus macaques ( ! 0.2%) and the unique expression of MHC-eo in most macaques. In all species, developmental MHC is expressed at very low levels (MHC-neo and MHC-emb together 0.35% of total MHC).
MHC content was extremely variable between samples. Of particular note are the 2 monkey samples that contained roughly 100 times less conventional MHC than the rest of the population. Variability in MHC content probably reflects a combination of variable RNA quality, shown also by the high variability of ␤ -actin abundance, and variability in the amount of muscle contained in the small samples used for homogenization. Variability in the anatomical origin of samples may also contribute to the variability in isoform profiles. Our goal was to test the same muscles in each species, but due to the complexity of tongue muscle fiber architecture, our samples likely varied with respect to the relative amount of different intrinsic tongue muscles, the contribution of extrinsic tongue muscles and the contribution of nonmuscular tongue tissue.
Comparison to Other Tongue Studies
Previous studies of adult mammal tongue muscles have documented isoforms typical of appendicular muscles (i.e. MHC-beta, MHC-2a, MHC-2x, MHC-2b) but little or no unconventional or developmental MHC. This is consistent with the results of the present study, in which expression of unconventional and developmental myosins is substantially below the detection threshold expected of protein gels.
Rats. Using protein electrophoresis, rat tongue body has been reported to contain 8% MHC-2a, 64-72% MHC2x, 20-24% MHC-2b and no MHC-beta [Termin and Pette, 1991; Jee et al., 2009] , which is similar to our findings. D 'Albis et al. [1989] could not detect either MHCneo or MHC-emb after postnatal day 30, and the combined expression of MHC-neo and MHC-emb of ! 0.2% that we report would be expected to be below the detection threshold of protein electrophoresis. Electrophoresis 2010;191:431-442 439 studies of the adult rat extrinsic tongue muscles report similar profiles, with a predominance of MHC-2x (35-60%) and the balance consisting of and , with no MHC-beta or developmental MHC [Brozanski et al., 1993; Vincent et al., 2002; Moore et al., 2007; Volz et al., 2007] .
Macaques. MHC composition of the macaque tongue body is consistent with the general predominance of MHC-2a in the primate tongue. By examining ATPase activity of intrinsic muscles from tongue regions similar to those of the current study, DePaul and Abbs [1996] reported approximately 80% type IIA fibers, 20% type I fibers and minimal type IIB and type IIC fibers [DePaul and Abbs, 1996, fig. 4 , tongue regions 2 and 3]. In contrast, by examining mRNA content, we found 59% MHC2a, 27% MHC-2x and 10% MHC-beta in macaque tongue body muscles. Differences in tongue muscle composition reported in these studies may be related to the poor correspondence between fiber type and MHC content, especially for hybrid fibers [Serrano et al., 2001; Smerdu and Erzen, 2001] , differences in the muscles sampled and the difference in species (M. fascicularis and M. rhesus). Studies of macaque extrinsic tongue muscles also report a predominance of MHC-2a, with 64.4-69.6% MHC-2a, 19.8-29.6% MHC-beta, 0-6.6% MHC-2x and 3.4-6.0% MHC-2b in genioglossus, hyoglossus and styloglossus by electrophoresis [Smith et al., 2006] . Using IHC, we previously identified MHC-2a and MHC-beta in 71.3 and 33.5%, respectively, of macaque styloglossus muscle fibers, including some hybrid fibers [Sokoloff et al., 2007b] .
Humans. The MHC expression in human tongue is very similar to other primates. By examining ATPase activity, Stål et al. [2003] reported 59% type IIA, 21% type I, 11% type IIAB, 8% type IM/IIC and 1% type IIB fibers in human anterior intrinsic tongue muscles (57% type IIA, 38% type I and 5% type IM/IIC fibers in the middleanterior tongue body). Our findings are similar with respect to MHC-2a (50% of total MHC) and MHC-beta (24% of total MHC). We also noted a 20% prevalence of MHC-2x, greater than the 11% type IIAB + 1% type IIB fibers reported by Stål et al. [2003] . In the human styloglossus and hyoglossus, we previously reported 13-19% MHC-beta-MHC-2x fibers but few MHC-2x fibers (we could not distinguish MHC-2a-MHC-2x fibers [Sokoloff et al., 2007b; Sokoloff et al., 2009]) , suggesting that this isoform may be primarily expressed in hybrid fibers. In previous IHC studies of adult human extrinsic tongue muscles, we found limited or no MHC-emb, MHC-eo, MHC-neo and MHC-st [Sokoloff et al., 2007a, b; Sokoloff et al., 2009] . Here, we extend these findings to anterior tongue body muscles.
Developmental and Unconventional MHC Expression
Developmental Isoforms. Expression of developmental MHC isoforms was approximately 0.3% in humans and macaques and 0.05% in rats. Similar limited expression of developmental MHC has been demonstrated in many head and neck muscles by PCR and IHC Sundman et al., 2004; Tellis et al., 2004] . Detection of developmental MHC in these muscles is expected to be below the detection threshold of silver-or Coomassiestained protein gels, consistent with the general observation that these isoforms are not identified by electrophoresis in adult muscle. Developmental myosins are expressed with greater prevalence in a few specific head and neck muscles, i.e. masseter (hard diet) 12%, thyroarytenoid 4.4%, lateral cricoarytenoid, 3.3%, tensor tympani 7.5% and extraocular muscles 11-14% [Jung et al., 1998; Jung et al., 1999; Saito et al., 2002; Jung et al., 2004] . Developmental myosins are also expressed in muscle regenerating after traumatic or contractile damage. The role of the tongue in mastication places it under compressive stresses not associated with appendicular muscle and places it at risk for accidental biting, and the low level of developmental MHC mRNA in the tongue body suggests that fiber regeneration is not routine. MHC-neo has been reported to be expressed in the tapered ends of fibers, particularly in birds [Rosser et al., 1995] , and the low level of MHC-neo we found in tongue homogenates is consistent with expression restricted to very few fibers or fiber subdomains, such as tapered ends.
Unconventional Isoforms. MHC-st expression is teleologically consistent with tonic activation of head and neck muscles during respiration and with the activation of muscles for structural support of a muscular hydrostat [Saboisky et al., 2006; Gilbert et al., 2007] . MHC-st was detected in humans and monkeys at less than 0.5%, consistent with our previous observation of limited MHC-st in human tongue muscles by IHC [Sokoloff et al., 2007a] . Expression of MHC-st in the head and neck appears to be limited to extraocular muscles [Kra njc et al., 2000; Kjellgren et al., 2003] , middle ear muscles [Mascarello et al., 1983] and other branchial arch musculature Mu et al., 2004] . MHC-st is also expressed in muscle spindles [Liu et al., 2002] , but it seems that a special developmental program may be required to permit expression of either MHC-ma or MHC-st.
Scaling
We observed a progressive increase in slow MHC isoforms from small rats to large humans. Myosin isoform expression in the limbs also varies systematically with organism size, with larger animals expressing a greater proportion of slow isoforms [Hamalainen and Pette, 1995] . This isoform shift partially resolves the scaling of muscle-shortening velocity with the inverse cube root of mass [Hill, 1950] . Both bite size and food intake rate scale with the 2/3 power of mass, while the time required to crop a bite is uncorrelated with mass [Shipley et al., 1994] , which suggests no special speed requirement for jaw and tongue musculature. Nonetheless, we observed the same trend in tongue MHC profile as is seen in limb musculature, with a progressive decrease in MHC-2x expression from rat to macaque to human and a progressive increase in MHC-beta.
The purpose of this project was to determine whether tongue muscle expresses unconventional and developmental MHC isoforms, as has been reported for other head and neck muscles. We found that the intrinsic musculature of the tongue is more similar to limb musculature than to other, nonsomitic head and neck muscles, almost exclusively expressing the conventional MHCs, i.e. MHC-beta, MHC-2a, MHC-2x and MHC-2b, in rats, monkeys and humans. This supports a regulatory model in which developmental origin takes precedence over mechanical signals in the expression of unconventional myosins.
